Chromatin ["4Cjthymidine (61 Ci/mol, Moravek Biochemicals) at 0.1 gCi/ml for 24 hr (1.5 generations) followed by [3H]thymidine (21 Ci/mmol, Amersham) at 10 ,uCi/ml for 10 min or at 4 MACi/ml for 30 min (1 Ci = 3.7 X 1010 becquerels).
ously (19) . Cells were labeled with ["4Cjthymidine (61 Ci/mol, Moravek Biochemicals) at 0.1 gCi/ml for 24 hr (1.5 generations) followed by [3H]thymidine (21 Ci/mmol, Amersham) at 10 ,uCi/ml for 10 min or at 4 MACi/ml for 30 min (1 Ci = 3.7 X 1010 becquerels).
Preparation of Nuclei and Nucleosomes. Cells were harvested at the end of the 3H labeling period, washed once in phosphate-buffered saline, and suspended in 10 mM Tris-HCI, pH 8 .0/10 mM NaCl/5 mM Mg(OAc)2/0.5% Nonidet-P40 (Shell Chemical). After 10 min, a nuclear pellet was formed by. centrifugation at 2000 X g for 2 min. The nuclei were washed once in Tris/NaCI/Mg/Nonidet-P-40 and once in Tris/ NaCl/Mg and were resuspended in Tris/NaCI/Mg/0.25 mM CaC12. The suspension was adjusted to approximately 50 jg of DNA per ml and brought to 370C. Staphylococcal nuclease (P-L Biochemicals) was added to aliquots of the nuclear suspension at concentrations of 0.01-65 units/ml (1 unit produces 15 A260 units of acid-soluble material from DNA in 30 min at pH 8.8, 370C), and digestion was stopped after 5 min by addition of 4 vol of ice-cold Tris/NaCI/Mg. The reaction mix was centrifuged at 2000 X g for 2 min, and the soluble material was removed (this fraction was found to be equivalent to the fraction soluble in 5% perchloric acid). The pellet was suspended in 2.5 mM Tris-HCI, pH 8.0/2.5 mM ethylene glycol bis(fl-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA). The Tris/EGTAinsoluble (undigested) fraction was removed by centrifugation at 2000 X g for 3 min. The amount of DNA in the various fractions was determined by bringing aliquots to 1% sodium dodecyl sulfate and scintillation counting in Aquasol-2 (New England Nuclear). A 14C to 3H spilldown correction of 17% was performed (the labeling conditions produced roughly equal amounts of 3H and 14C cpm). Under these counting conditions, the sum of the cpm in the three fractions for each isotope was constant from low to high enzyme concentration, and equal to the total input cpm. Thus the differences observed were not due to preferential quenching of large [3H]DNA. In addition, no differences between 24-hr "4C-labeled and 24-hr 3H-labeled DNA were seen (data not shown).
Preparation of DNA and Gel Electrophoresis. DNA was extracted from digested nuclei essentially by the procedure of Marmur (20) (21) ] and electrophoresed at 150 V for 2 hr. Gels were fractionated into 2-mm slices (Aliquogel fractionator, Gilson) and scintillation counted in Aquasol-2. Data were corrected for spilldown of "4C and converted to mobility relative to the dye. The replicative form 2 DNA of phage /X174 was cleaved with restriction endonuclease Hae III and labeled by a slight modification of the procedure of Berkner and Folk (22) .
RESULTS
We have examined the digestion by staphylococcal nuclease of DNA in isolated nuclei from cells that had been labeled for 24 Fig. 1 and Table 1 show that 30-min-labeled chromatin is digested into nucleosomes at about 2/3 the rate, and 10-minlabeled chromatin at less than 1/2 the rate that total chromatin is digested. However, the fact that there is no difference in the production of acid-soluble material suggests a difference in the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 Table 1 ).
initial availability of internucleosomal DNA. The accuracy of these estimates depends in large part on the adherence of nuclease digestion to pseudo-first-order kinetics under our conditions.Thi problem may be avie ypotn h aedt as '4C/3H ratio (Fig. 2) . It can be seen that the difference is greatest at low enzyme-to-chromatin ratios, approaching 8-fold for a 10-min labeling.
The difference in digestion rates observed suggests a difference in the structure of newly replicated chromatin. In order to examine that possibility, total DNA from various digests of nuclei labeled for 24 hr with [14C~thymidine followed by 10min with [3H]thymidine was prepared and electrophoresed in 4% polyacrylamide gels (Fig. 3) . The monomer peaks in each gel are coincident, but a difference in the higher multimers is evident. The 3H peaks appear broader, so that for dimers and trimers the 14C peak is almost included in the 3H peak. The panels on the right show the data pltted as 3H/14C ratio. Peaks are seen to the right of the position of the 14C-labeled mulmers (marked by the arrows), demonstrating a difference in the average size of the two types of multimer DNA.
To quantitate this difference, Gaussian curves were fit to the data from each gel for each isotope by using a nonlinear leastsquares fitting program termined independently of the extent of digestion. Table 2 summarizes this data. The difference in size is clearly due to a difference in spacer length, which varies from 10 base pairs in the least digested sample to 29 in the most. Because the breadth of the bands appears to decrease with digestion, the average value of 17 is probably an underestimate. 5 . Determination of nucleosome spacing. DNA length (base pairs, determined from the center of fitted Gaussian curves) is plotted versus nucleosome multimer number (n) for the gels from Fig. 3 . +, 3H; 0, 14C. The lines are least-squares fits L = a + bn, in which a is the sum of the lengths of the ends on each multimer minus the spacer length and b is the unit nucleosome size (core length plus the spacer length) (see Table 2 ). In reality, the number of nucleosomes (and hence the length of time) between the passage of the replication fork and regaining of normal spacing is certainly much larger. (A) Chromatin after replication has been initiated. Compression of nucleosomes has occurred to allow for replication complex. A random dispersive model is shown, but semiconservative and conservative models are not ruled out. Current data are conflicting in this regard, but the proposed compression during replication is independent of the exact dispersion mechanism. Nuclease digestion of chromatin labeled for short times (1-30 sec, depending on the rate of replication for the specific cell type) yields an increased rate of production of both acid-soluble material and mononucleosomes. (B) New nucleosome cores cover the free DNA, but shortened spacing remains intact. Additional free DNA generated by compression is present at the fork. Longer pulses (5-10 min) detect no difference in production of acid-soluble material, decreased oligonucleosome production, and shortened nucleosome spacing. (C) Normal spacing is slowly regained by nucleosome sliding (20-30 min) . The amount of free DNA at the fork is thus kept constant. somal DNA. This might suggest a relationship between nucleosorne spacing and chromatin replication rate, because the general correlation between shortened nucleosomal spacings and high transcriptional activity [reviewed by Kornberg (1) ] can also be made between shortened spacing and short generation times. However, there is no difference in spacing between Chinese hamster ovary cell nuclei and mitotic chromosomes (17) , or between confluent and exponentially growing C6 rat glial tumor cells (10) . These experiments used unlabeled DNA in parallel gels, and hence do not have the sensitivity of our experiments. However, the conclusion that nucleosome spacing is not significantly related to rate of chromatin replication is probably justified, because the fraction of chromatin in newly replicated form is too small to account for spacing differences in total DNA from cells with different generation times. Instead, a gradual increase in nucleosome spacing with time is possible (perhaps to compensate for small amounts of histone degradation or as a result of changes in the level of histone modification).
Some laboratories have reported that chromatin pulse-labeled for from 0.5 to 10 min produces acid-soluble material at an increased rate (relative to total chromatin) when digested with staphylococcal nuclease (26) (27) (28) 28) . Considering the variation in chromatin replication rate among different cell lines, it would appear that the published data are consistent with an increased sensitivity during and immediately following DNA replication and normal sensitivity once histone cores are deposited on the free DNA. The shortlived acid-soluble difference is followed by a longer-term decrease in production of nucleosomes by staphylococcal nuclease, due to smaller nucleosome spacers (Fig. 6) .
In any case, our results indicate that elongation can take place after histone deposition (perhaps caused by the binding of histone HI and/or some nonhistone protein). This suggests that the interaction between core histones and DNA is not strong enough to prevent nucleosome "sliding," a conclusion that may be significant for models of chromatin replication and tran-
